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ABSTRACT

Diffusion bonding studies utilizing a "Gleeble" have been conducted
on IN 718, VM 350 and the dissimilar alloy couple, IN 718 to maraging steel.
The experimental processing parameters critical to obtaining consistently good
diffusion bonds between IN 718 and VM 350 are determined. Interrelationships
between temperature, pressure and surface preparation were explored for short
bending intervals (< 15 min) under vacuum conditions. Successful joining was
achieved for a range of bonding cycle temperatures, pressures and surface
preparations.

The quality of the bond was evaluated by several test methods.
Metallographic investigation of the joint for grain growth across the original
interface and for growth of the diffusion zone was considered an important cri-
terion of bond quality. Tensile testing for a simple butt weld configuration
of both heat treated and as bonded samples was also used as a basis for this
judgment.

Both annealed and heat treated diffusion couples were studied. A
compatible heat treatment for both alloys was found to be possible. This simul-
taneous heat treatment resulted in bond tensile properties that were}comparable
to those obtained in the weaker parent material. The drastic yield strength
differences and work hardening characteristics in the two alloys when heat treated
insures the creation of a notch effect near the bond interface, with failure ir
this region 1ike1y. Therefore, the strength of the weaker parent material 1s
used as a criterion for a successful tensile test of the heat treated bond.
Studies of VM-350/VM-350 couples in the as-bonded condition showed a greater
yielding and failure outside the bond region. This characteristic of failing

outside the bond region is not necessarily a useful criterion for dissimilar «iloy

L o
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INTRODUCTION ,

The desire to obtain quality joints in materials has long been
of prime interest. The diffusion bond is capable of providing that
supérior joint [1, 2, 3] for many alloy systems. The process of diffusion
bonding is best described as the formation of a metallurgically sound joint
by causing interdiffusion of the surface atoms of either simi]ar or dis-

similar materials [4]. This bonding is usually performed at conditions

below the melting point of any of the phases present, but high enough to

assure fast diffusion rates. However, it is possible and often desirable
to diffusion bond in the presence of a liquid phasé which is transient [5].
Of the many types of diffusion bonding, the one considered in this research

program is "yield strength controlled". This process uses a pressure during

- the formation of the joint that is higher than the yield strength of the

weaker parent material [4].

Diffusion bonding is an attractive process as it virtually
eliminates the inhomogenéity associated with recast structure and its
attendant problems of segregation and varied grain size which are found
in fusion welds. Diffusion bond properties approaching those of the
parent material can be obtained. This results in engineering designs
which require no increase in section size at the joint [2].

Many app]ications which require.the superior metallurgical
characteristics of the diffusion bond are also involved with extensive
use of special high strength alloys [2]. Interest in diffusion bonding
is often the result of finding that this technique is the only possible
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method of joining high strength materials without proddﬁing highly

inferior mechanical properties in the joint region. The successful

joining of superalloys and specialty alloys often'ngcessitatgs avoiding .
the formation of recast structures (fusion weld zone) making diffusion
bonding the most attractive joining process [3].

Kaarlela and Margolis [3] describe some of the requirements for
achieving good diffusion bonds in many of the superalloy systems. In their
study, it was pointed out that acceptable bonds in iron base and nickel base
alloys strengthened by aluminum and titanium were difficult to achieve.
These alloys were bondable only at the highest temperatures and pressures
ordinarily gmployed for the process, or by drastically increasing bonding
time. Bartlett [6] indicates the need for very high temperatures (2000 to
2200°F) for bonding either iron base 6r nickel base alloys, due to low
solubility of interstitials in these elements.

The problems associated with a jet engine shaft have suggested
the possibility of a superalloy-iron base diffusion couple for overall
superior fatigue properties. In this case, there are different require-
ments along the shaft for temperature and strength. The use of dissimilar
materials along the shaft could meet these requirements offering consider-
able savings in terms of weight and elimination of complex cdo]ing schemes.
The purpose of this research was to determine the feasibility of diffusion
bonding an 18% nickel maraging steel to a precipitation hardenable nickel
base alloy and to determine a simultaneous heat treatment after bonding to
obtaiﬁ maximum mechanical properties of the twdb materials. Parameters which
influenced ‘the bonding process were studied with respect to the ease of
sound joint formation. The bonding conditions which gave the most satisfac-
tory results in terms of tensile strength and good microstructure were

determined.
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EXPERIMENTAL PROCEDURE

SURFACE PREPARATION

The samples used were 1-1/8 to 1-1/4 inches long and 1/4 of
an inch in diameter. A flat steel block, drilled to hold the samples,
was used to obtain different controlled surface roughnesses. Set
screws held the longitudinal axes of the samples perpendicular to the
faces which’were polished or lapped. G. V. Alm [4] has indicated ad-
visable surfaée finishes of 16 rms or better for bonding superalloys.
The surface conditions obtained by using the polishing papers and .
lapping wheels were calibrated using both steel and glass, as material
hardness affects the surface finish. Table 1 shows that surfaces equal
to or better than the 16 rms were used. The ends not prepared for bond-
ing were chamfered to fit the specimen holders in order to provide good
electrical contact in the "Gleeble".

Two cylindrically ground bars 5/8 of an inch in diameter were
used to hold the specimens. One end of each bar was clamped in the
“Gleeble". The free ends of the bars were drilled to hold the speci-
mens with three centering set screws placed 120 degrees apart. The bars
themselves were kept aligned by two collars spaced by insulated plates.

These support devices are shown assembled in Figure 1.

ATMOSPHERE

The entire specimen support apparatus is shown in Figure 1 as

assembled. The vacuum chamber as prepared for bonding is shown in Figure 2.
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TABLE 1
CALIBRATION (]: POLISHI!‘G PAPERSN\!D LAPPII\G MIEELS

WHEEL OR LAP

SURFACE FINISH,
MJCROINCHES -
ITHMETRIC AVERAGE)

With Steel:

400 grit

600 grit

5.0 micron alumina

0.3 micron alumina

With Glass:
1220 grit
320 grit
400 grit
600 grit

5.0 micron alumina

4.0 -6.0
2.0 - 4.0
1.0-1.4

10.0 — 15.0
8.0 —12.0
2.8 - 3.2
2.0- 2.4

*Profilometer scratches were-hoticed
at these values of surface finish.
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Mechanical and diffusion vacuum pumps were used in series to evacuate the

chambers and a vacuum of 10'4

torr (0.1 microns of mercury) was consistently
achieved. The samples were held apart in vacuum for at least ten minutes

. in order to remove molecular oxygen from the surfaces to be bonded. A1l
samples were preloaded to prevent arcing at the bond surfaces.

"GLEEBLE" CONTROL

The "Gleeble", shown in Figure 3, was programmed to control sev-
eral of the bonding parameters. The program generator on the "Gleeble",
Figure 4, was set up to trigger the compressive load on the samples be-
fore heating. The value of this load is controllable and can be varied
manually during the bonding process. Cline [2] indicates the pressure
ranges necessary %or bonding to be near 10,000 psi, and these values were
used as a first approximation. The program generator also controls the
rate 6} heating, the maximum temperature, and the time at temperature.
FeedbackY%or temperature control was provided by a chromel-alumel thermo-
couple pércussign welded to the sample 1/16th»of an inch or closer to the
bond surface. The temperature range used yés T/Z to 2/3 the melting point
of the lower melting temperature alloy, a*;u1e of thumb suggested by Alm
[a]. A:multichanneI recorder was used to obtain the simultaneous readout
of temperature, load, and deformation as a function of time. Complete
monitoriﬁé of the bonding variables %as mainfained throughout the bonding

cycle.

METALLOGRAPHY

Immediately after bonding, the samples were prepared for
metallographic examination. Metallographic polishing and etching procedures
used are standard. The enfire metallographic processing procedure is pre-

sented in reference [7]. Some of the samples were mechanically tested in the
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Fig. 3.—The "Gleeble"
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as-bonded condition, while other couples were heat treated after metallo-

graphic inspection and then mechanically tested. .

HEAT TREATMENT

The heat treatment of the dissimilar alloy couple consisted of
several steps, shown diagrammatically in Figure 5. The first sequence in
the heat treatment was to solutionize the IN-718 at 1750°F for one hour.
This was followed immediately by an air quench. The IN-718/VM-350 couple
was reheated to 1325°F and held for 8 hours, then cooled at 100°F per hour
to 1150°F and held for 8 hours, and finally air quenched. .This treatment
resu]ted.in precipitation hardening -of the IN-718 alloy and solutionizing
of the VM-350 alloy. The VM-350 was then age-hardened for 3 hours at 930°F
in an air atmosphere. Since the heét-treatment prescribed for IN-718
includes in its cycle the solutionizing treatment required for VM-350, the

entire cycle for IN-718 is used as a solutionizing treatment for the VM-350,

TENSILE SPECIMEN PREPARATION

Preparation for the mechanical testing was done using a todl post
grinder, because of the specimen size and difficulty in conventional machin-
ing of the alloys. The grinding wheé1 was contoured to create a tensile
shape directly. The specimens were tested in a universal testing machine,
using a strain rate of 0.2 inches per minute. Control samples were tested

for. both the as-received and the as-bonded conditions.

388<



"$819AD juawipasi-j08H OGS -INA PUD B[2-NI G ‘Bi14
sinoy ‘INIL

%2_02 81 9 ¥ 21 ol 8 & b 2 o,
| .“. 1002
| h
| f 1oob
t
| J .oow.i
.. “.. _M
’ j1r 1008 3
\ _..--..L.“: 3
f { ooo_m
/ 1 {ooz!
\ \ .
| 100!
JOOD JID —— — , -
0SE-WA ~~——e e ' {0091
812-NI foom_

383<



RESULTS

W 350/W350 CoupLE

Early trials indicated that diffusion bonding of VM 350 to VM 350

was feasible utilizing controlled resistance heating in the "Gleeble". This
couple was used to evaluate the bond quality produced by the "Gleeble".
Failure was expected to occur outside the bond region for properly bonded

VM 350/VM 350. Table 2 shows the bonding parameters used and the resultant
tensile properties for VM 350 to VM 350 trials. Early attempts showed in-
complete bonding with voids present in the joint, as typified in Figure 6.
However, with increased load, rougher surface finish, and the same tempera-

ture, improved bonding was obtained as shown in Figure 7.

IN 718/W 350 CoupLE

The bonding parameters and resultant tensile properties for the

IN 718/VM 350 couple are presented in Table 3. These results indicate that
the surface finish, produced by a 5u lap produces the best diffusion bonding
~ tensile properties fof the IN 718/VM 350 couple for constant pressure and
temperature conditions. Photomicrographs showing the size of the diffusion
zone for three temperatures are presented in Figure 8. The temperature
dependence of the diffusion bonding process is evident from the thickness
change of the bonding zone with temperature. A quantitative relationship
between diffusion zone size and temperature is presented in Figure 9. From
the slope of this plot an activation energy for the process was determined
to be 33,000 CAL/MOLE. Also evident in Figure 8 is a variation in the rate
of grain growth for the two materials. This is shown in Figure 10. IN 718,
while initially finer in grain size than VM 350, undergoes a more rapid rate

of grain coarsening than the VM 350.
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Fig. 6 Undesirable microstructure in joint region (voids)
for VM 350/VM 350 couple 375X '

19

(; ) Fig. 7. Desirable microstructure in Joint region
i for VM 350/VM 350 couple 375X
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T = 1900°F as-bonded, 425X

g

T = 2000°F as-bonded, 425X

IN 718

VM 350

IN 718

VM 350

IN 718

VM 350 -

Figure 8 1IN 718/VM 350 Diffusion Zone Thicknessffor 1700°F, 1900°F, and 2000°F
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Fig. 9. Temperature Dependence of Diffusion
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ProperTIES IN 718/WM 350 CoupLE

The results of tensile testing several as-bonded samples are
presented in Table 3. The control tensile data for IN 718 and VM’350
which have experienced a similar bonding temperature-time cycle are also .
listed. As-bonded IN 718/VM 350 specimens exhibit ultimate strengths
approaching that of the weaker parent material, IN 718. Rockwell C hard-
nesses for the simultaneously heat treated materials are in good agreement
with expected values as shown in Table 3.

Chemical analyses of the major solid solution elements and harden-
ing elements necessary for precipitation hardening in the diffusion zone
region are presented in Figures 11 and 12. These profiles were obtained
using an electron béam microprobe with a spot size of 4u . The traverse
across the interface was indexed in 2u steps until constant base alloy
coﬁposition was achieved. Profiles for iron, nickel, cobalt, mo1ybdenum,
chromium, aluminum and columbium were determined. The width of the
diffusfon zone from a chemical analysis standpoint was considered the

distance over which a gradient in any element occurred.
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ANALYSIS OF RESULTS

W-350/W - 350 CoupLE

For diffusion bonding 1ike materials, Owczarski, King, and

0'Connor [8] have pointed out that ductility as measured by reduction in
area is sensitive to the void content of the joint. They further state
that void content decreases with time for a given temperature and pressure,
until no trace of the original interface remains. If joint properties
matching.the parent material are to be obtained, grain boundary movement,
which is rapid at higher temperatures, is considered essential to the
bonding process [8].

For a 5 minute‘time interval, the VM-350 to VM-350 couple required
a relatively high bonding temperature, in the neighborhood of 2150°F. The
bonding pressure was approximately 10,000 psi after relaxation of stresses
induced by thermal expansion. This stress was high enough to cause plastic
flow of the material throughout the bonding cycle. Rough surface finishes
provided for better plastic flow in the joint region, and therefore enhanced
the rate of elimination of voids. Excellent bonding was achieved with failure
ih tension occurring outside the joint region. This clearly indicates that
bond properties equal to or better than those of the base material can be

achieved for this couple.

IN 718/WB50 CoupLE

Bonding of IN 718 to VM 350 showed ﬁhét the width of the diffusion

zone and grain size can be controlled by temperature. Figure 9 shows the
temperature-width relationship to be exponential while Figure 10 indicates
that the grain size of each alloy is exponentially related to the temperature,

although the two alloys have significantly different grain growth rates. An

300<
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upper bonding temperature 1imit of 2100°F has been established fof the
IN 718/VM 350 couple due to the onset of intergranular melting in the IN 718
alloy. The void content of the joint alsb decreases with time [9] which is

1ikely due to interdiffusion effects in the mixed alloy couple.

ProperTiES IN 718/WM 350 CoupLE '

In this dissimilar couple there is a yield and ultimate strength
differential for these two alloys. In the as-bonded condition the yield
strengths differ by about 20,000 psi. Howeyer, in the heat treated condition,
the difference is approximately 200,000 psi. Differences in the slopes of
the stress-strain curves after plastic deformation begins shows that the
IN-718 will flow plastically an appreciable amount more than the VM—350 for
a given load. This behavior leads to the formation of a notch effect in the
joint region. The 6n1y plastic flow which can occur in this couple is limited .
to deformation in the weaker material before stress concentration due to the
notch effect causes the sample to fail in the joint.

The long heat treatment process of approximately 24 hours results
in significant strengthening of both alloys. This heat treatment in air also

provides a measure of good bond integrity as oxides formed during this process

.did not invade the joint and split the couple apart. The ultimate strengths

attained for both the as-bonded and heat treated couples indicate joint
strengths comparable to the ultimate strength of IN-718 in the as-bonded
and heat treated conditions respectively. The ultimate strength of the
diffusion zone is also increased with heat treatmeht, as it is capable of

supporting the high tensile loads after heat treatment.
ELement DisTRIBUTION IN DIFFUsION ZONE

The width of the diffusion zone observed metallographically was
approximately 13 microns. When diffusion profiles are used to establish

zone width, a value of about 30 microns is determined. This approach for

401i<



~22.

determining width includes the depletion or relative immobility of certain

alloying elements. However, considering the more mobile elements, agree-
ment with the 13 micron width is observed. By fixing an arbitrary center
for the joint, dependent upon the diffusion profiles, the relative degree
of diffusion of the various elements can be compared. On this basis, it
is noted that nickel diffuses more rapidly into the VM 350 than iron into
the IN 718. Although chromium and cobalt are present throughout most of
the joint, they do not diffuse considerably into the VM 350 or IN 718
respectively. The strengthening elements, columbium and aluminum, diffuse
appreciably through the joint in conjunction with nickel, making strengthen-
ing of the interdiffusion zone possible by a precipitation process similar
to that for IN 718. Thjs is ip good agreement with observed strengthening

effects noted in heat treated couples that were tensile tested.
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CONCLUSIONS

The 'G1eeb1e‘ can be used for modeling the diffusion bonding
process. This was demonstrated by successfully bonding the

VM 350 to VM 350 couple.

Tensile testing and metallographic examination demonstrate that
it is feasible to diffusion bond IN 718 to VM 350.

Deformation in the joint region assists bonding and is necessary
for achieving consistently good bonds.

For a given time interval;;the width of the diffusion zone and
grain growth of both materials can be controlled dufing bonding
primarily by variation in the temperature. An exponential rela-
tionship with an activation energy of 33,000 CAL/MOLE exists
between temperature and the diffusion zone width. Separate
exponential relationships exist between temperature and the grain
size of the two materials.

The IN 718/ VM 350 couple fails in the joint region for room
temperature tensile tests due to drastic yield strength and work-
hardening differences between the two alloys.

The simultaneous heat treatment of IN 718 and VM 350 is possible

and results in joints with ultimate strengths equaling the heat

‘treated ultimate stfength of the weaker alloy, IN 718.
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FURTHER WORK

Cyclic loading in tension and compression concurrently with cyclic
heating and cooling should be investigated for their effects on
grain growth.

The relationships between surface texture, intermediate foils, and
inert or reducing atmospheres should be determined.

Shear, fatigue, and impact testing of the joint would supply impor-
tant additional engineering design information.

Analysis fof the presence of a strengthening mechanism in the dif-
fusion zone is suggested.

The diffusion gradients present in the diffusion zone and base

‘materials near the joint should be analyzed.

-24-

)



BIBLIOGRAPHY

1. Metcalfe, A. G. "Basics of Diffusion Bonding." American
Machinist/Metalworking Manufacturing. Vol. 114 (Oct.,
1970), 97-99

2. Cline, C. L. "An Analytical and Experimental Study of Dif-
fusion Bonding." Welding Journal. Vol. 43 (Nov., 1966),
481s-489s,

3. Kaarlela, W. T. and Margolis, W. S. "Alloy Effects in the
Low-Pressure Diffusion Bonding of Superalloys." MWelding
Journal. Vol. 46 (June, 1967), 283s-288s.

4, Alm, G. V. "Guide to Diffusion Bonding." Materials Engineer-

ing. Vol. 70 (Sept., 1969), 24-29.

5. Blank, G. F. "A Practical Guide to Diffusion Bonding."
Materials in Design Engineering. Vol. 45 (Oct., 1966),
481s-489s.

6. Bartlett, E. S. "Roll Diffusion Bonding of Titanium, Nickel
and Iron-Base Alloys." New York: TMS Paper Selection No.
F69-3, Metallurgical Society of AIME, 1969 (Pamphlet)

7. Crosby, S. R. "Diffusion Bonding of IN 718 to VM 350", M.S.
Thesis, WPI, May 1972.

8. Owczarski, W. A., King, W. H., and 0'Connor, "The Tensile
Properties and Fracture Characteristics of Titanium Diffusion

Welds." Welding Journal. Vol. 48 (Sept., 1969), 377s-383s.

9. Hirschhorn, J. S. Introduction to Powder Metallurgy. New York:

American Powder Metallurgy Institute, 1969.

435<

-25.





